Are there general biophysical relationships governing the spatial organization of the gut microbiome? Despite growing realization that spatial structure is important for population stability, inter-bacterial competition, and host functions, it is unclear in any animal gut whether such structure is subject to predictive, unifying rules, or if it results from contextual, species-specific behaviors. To explore this, we used light sheet fluorescence microscopy to conduct a high-resolution comparative study of bacterial distribution patterns throughout the entire intestinal volume of live, larval zebrafish. Fluorescently tagged strains of seven bacterial symbionts, representing six different species native to zebrafish, were each separately mono-associated with animals that had been raised initially germ-free. The strains showed large differences in both cohesion-the degree to which they auto-aggregate-and spatial distribution. We uncovered a striking correlation between each strain's mean position and its cohesion, whether quantified as the fraction of cells existing as planktonic individuals, the average aggregate size, or the total number of aggregates. Moreover, these correlations held within species as well; aggregates of different sizes localized as predicted from the pan-species observations. Together, our findings indicate that bacteria within the zebrafish intestine are subject to generic processes that organize populations by their cohesive properties. The likely drivers of this relationship, peristaltic fluid flow, tubular anatomy, and 1 bacterial growth and aggregation kinetics, are common throughout animals. We therefore suggest that the framework introduced here, of biophysical links between bacterial cohesion and spatial organization, should be useful for directing explorations in other host-microbe systems, formulating detailed models that can quantitatively map onto experimental data, and developing new tools that manipulate cohesion to engineer microbiome function.
cholerae ZWU0020 localize to the anterior bulb and are dominated by highly motile planktonic cells (Supplementary Movie 1). Inset shows V. cholerae ZWU0020 cells in a different fish that was colonized with 1:100 mixture of green and red variants. The dilute channel (green) is shown. Middle row: Populations of A. caviae ZOR0002 typically contain a range of bacterial aggregate sizes, as indicated by arrows. Inset shows a zoomed-in view of the same intestine. axis of the intestine. We observed no strains, for example, that localized along the radial 61 axis, lining the gut epithelium.
62
We computationally identified each individual bacterium and aggregate in each three-dimensional 63 image stack, and also determined the number of cells in each aggregate [12] (see Methods).
64
For each population, we computed the center of mass along the longitudinal axis of the intes- 
Because C c is proportional to the total number of cells and inversely proportional to the 77 number of clusters per fish (n c ), the relationship in Fig. 2B could be caused by a dependence 78 on either or both of these factors. However, the total population of each species, save for 79 V. cholerae ZWU0020, is roughly similar ( Table 1) ; in contrast, n c is strongly negatively 80 correlated with position ( Fig. 2C , R 2 = 0.88). Regression gives 81 log 10 n c = (4.7 ± 0.5) + (−6.6 ± 1.1)x c .
The slope, −6. We next asked if the relationship between aggregation and intestinal distribution we found 87 between strains could be detected within individual strain populations, which would fur-88 ther support its biophysical generality. For this, we considered only clusters of two or more 89 cells because individual cells dominate each dataset ( Fig. 2A) . For each strain, excluding 90 V. cholerae ZWU0020 because it shows almost no aggregation ( Fig. 2A) , we combined 91 measurements of cluster size and intestinal position from all specimens. We restricted our 92 analysis to the anterior half of the intestine because the distal half rarely contained substan-93 tial populations (likely due to frequent intestinal expulsion), limiting our statistical power 94 in that region. Regressing log 10 -transformed sizes of aggregates against their position ( Fig.   95 3, small circles and dashed trendlines), we found a positive correlation between aggregate 96 size and aggregate position for each of the six strains (Table 2) . Finding this relationship 97 within strains, as well as across strains, suggests a generic mechanism that spatially segre- a single dataset, which was ∼90%. As we followed identical protocols, we estimate the 256 accuracy of our spot detection to be ∼90%.
257
Multicellular aggregate detection 258 In the original pipeline, multicellular aggregates were segmented using a graph-cut approach 259
[28] seeded with an intensity threshold mask. We found that this approach performed poorly 260 on images of dense collections of small and mid-sized aggregates, and on images with both 261 extremely large and small aggregates. Therefore, in such cases we instead seeded the graph- 
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